A new model describes acoustic scattering by swimbladdered fish of lengths from at least 8 to 36 wavelengths. It represents a fish by an ideal pressure-release surface having the exact size and shape as the swimbladder. The backscattering cross section, or target strength, is computed by means of the Kirchhoffapproximation. To test the model, predictions of target strengths based on swimbladder morphometries of 15 gadoids of lengths from 31.5 to 44.5 cm are compared with conventional target strength measurements on the same, surface-adapted fish, anesthetized before acoustic measurement, and shock-frozen immediately afterwards. Details are given of the swimbladder morphometry. In essence, this consists of slicing the frozen fish with a microtome, photographing the exposed swimbladder cross sections, digitizing the contours, and triangulating the surface between pairs of contours on adjacent, parallel planes. Theory and experiment are compared through the dorsal and ventral aspect target strength functions, their averages, and simulated probability density functions.
general swimbladder is not. 28-38 The consequence of asymmetry in swimbladder form is often observed in the significant asymmetry of dorsal and ventral aspect target strength functions of the same fish. 3%4ø Admittedly, many uses of simple shapes have been directed to resonant or other lowfrequency scattering where the target strength is independent of fish orientation. A rare success of a simple-shape model at high frequencies is Kalikhman's computation of backscattering by a 27-cm herring {Clupea harengus) at 30 kHz. 18, 22 Models based on arrays of point scatterers, as in Refs. 21 and 24, while apparently successful in simulations of echo statistics, including the representation of behavioral effects, are relative. As such, they depend on a posteriori knowledge of target strength as a function of orientation for determination of the point-scattering strengths. Thus they cannot, in themselves, predict absolute magnitudes of target strength.
For this, recourse to actual measurement is necessary.
Composite and whole-fish-body models have also been proposed to describe scattering by swimbladdered fish. These, together with measurements on artificial models, are disregarded for being unnecessarily complicated.
It is the present aim to introduce a simple model for scattering by swimbladdered fish which, at the least, is applicable for rather high frequencies, with fish lengths in the nominal range from 8 to 36 acoustic wavelengths. The new model resembles the basic bubble-type model in representing fish entirely by the swimbladder, which is equated to an ideal pressure-release surface. Unlike its predecessors, however, the swimbladder form is not approximated by a simple shape; rather, it is assumed to have the very size and shape of the organ, as morphometrically determined and mathematically represented by a finite-element triangulation. In keeping with the intent of the model, the scattering amplitude is computed by means of the Kirchhoff approximation, hence without the effects of diffraction.
To demonstrate the power of the model, predictions are made of the dorsal and ventral aspect target strength functions of 15 fish, at each of four frequencies, from the respective swimbladder morphometries. These are compared with conventional measurements performed on the same fish, anesthetized and tethered, before shock-freezing and eventual anatomical measurement. The principal criteria used to compare theory and experiment are based on the two expressions of target strength most widely used in fisheries acoustics: the average and the probability density function. In addition to considering the computational results, limitations of the model and challenges for it are discussed. The findings or achievements of the model are summarized in the Conclusions.
I. MODEL
A swimbladdered fish is represented entirely by its swimbladde/'. This is assumed to be ideally pressure-releasing. Sound scattering is thus described by the solution of the scalar wave equation exterior to a soft shape, or closed surface with a homogeneous Dirichlet boundary condition.
Solution is achieved by the Kirchhoff approximation. 41
Accordingly, the pressure field on the scattering surface is equated to that which would obtain on the front side of the For the present application to fish scattering, the observable quantity corresponding to F is the backscattering cross section. Given the customary use of finite-signal waveforms and finite-bandwidth receivers, the operational definition of backscattering cross section •r is appropriate; namely, 46 ISF 12 12 do,
where S is the signal spectrum, H is the receiver frequency response function, and co is the angular frequency, co = ck, where c is the medium sound speed. In the case of narrow-band S and H, or long, simple signals and narrow-band receivers, Eq. (2) can be significantly reduced. The result is the usual monochromatic backscattering cross section 4rrl F [2.
For convenience, the backscattering cross section is also expressed through its logarithmic measure, the target strength. This is defined in the traditional manner, 47 although with use of S1 units, TS = 10 log cr/4rr.
The target strength of the idealized perfectly reflecting sphere of 2-m radius is thus 0 dB.
II. MATERIALS AND METHODS
The source of data on the swimbladder form was identical to that of the comparative acoustic measurements. This was 13 pollack {Pollachiuspollachius) and two saithe {Polla-chius oirens), part of a special sample of 20 fish'that were, in turn, measured acoustically and then shock-frozen on 24 July 1980, during a one-day digression from the larger exper- The acoustic measurements were performed in the invariable manner of the larger experiment, resembling earlier measurements too. 39'49-51 Individual, surface-adapted fish were anesthetized, tethered in a suspension system, and measured, under tilting, at each of four frequencies, in both dorsal and ventral aspects. Earlier suspicions that similar pollack were not adapted to the shallow surface layer 4s are no longer held by this author, who accepts Ona's attribution of the extreme orientations of the encaged swimming fish to the smallness of the cage in lateral extent.
•2'53
The acoustic frequencies and pulse durations of the echo sounder signal were measured a number of times during the larger experiment. The result of interpolating these for the mentioned date is shown in Table I. Following the acoustic measurements, the basic biological characteristics of length and weight were measured. The still-anesthetized fish were then grasped by tongs at snout and tail, held tautly in normal, extended, horizontal posture, and totally immersed in a bath of alcohol maintained at a temperature of -50 øC by the addition of dry ice. It was held in the same posture for the several minutes required for thorough freezing. The fish were then tagged and stored in an insulated box containing dry ice. Upon completing the particular measurement series, the 20 fish were transferred to a large freezer at the author's institute for long-term storage at -35 øC.
In February 1981, the fish were removed from the freezer for anatomical measurement. Prior to slicing with a microtome, with nominal 1-/•m accuracy, the fish were encased in rectangular blocks of carboxymethyl cellulose (CMC). This was accomplished by immersing the frozen fish in a solution of CMC and water held in the microtome's freezing frame, followed immediately by freezing of the entire system by immersion in a bath of alcohol and dry ice maintained at a temperature of -70 øC.
The fish-encasing block was trimmed in even thicknesses of 200/•m until the fish was exposed. It was then sliced in even thicknesses of 100/•m, enabling rapid changes in swimbladder form to be detected. The slicing was performed in the sagittal plane to minimize the amount of photography. The swimbladder cross sections were photographed at intervals varying from 200 to 1400/•m in order to allow significant detail to be registered for the eventual reconstruction of the three-dimensional surface.
In the course of the slicing, four of the 20 specimens were irremediably damaged. A fifth specimen was lost to further work by loss of the alignment reference under photography. Representation of the swimbladder surface for evaluation of Eq. (1), hence for realization of the model, is achieved through a triangulation. This is performed independently for each pair of adjacent contours. When combined with triangulations of the end surfaces, the surface mapping is complete.
A. Manual procedures ,
The triangulation commences with a digitization of each sagittal cross section. This is conveniently effected by tracing the outline, or contour, of the inner swimbladder wall boundary on photographic print with a cursor connected to a digital computer. Prior enhancement or marking of the contour by a knowledgeable fisheries biologist is useful, if not necessary, to avoid problems of interpretation. Because of the general complexity in form of gadoid swimbladders, often characterized by a lobed structure due to lateral protrusions of the swimbladder between ribs, the apparent contour may not be convex. In fact, it may not be star-shaped, and may even be disconnected. Several contour types are illustrated in Fig. 1 Gross swimbladder dimensions are presented in Table  III . In estimating the swimbladder surface area and volume, the height and width of the swimbladder were averaged, and the overall form assumed to be that of a prolate ellipsoid. 
IV. RESULTS
The fundamental computational quantity is the backscattering cross section, or target strength, as a function of the ensonification conditions and fish orientation. This has been determined systematically for each of the 15 fish specimens whose swimbladder surfaces were triangulated. Computations were performed in accordance with the simple finite-element, or numerical, realization of Eq. {1). The difference in wideband and monochromatic target strengths was found to be negligible for the several fish examined comparatively in this way; hence the simpler monochromatic formula, Eq. {3}, was uniformly used in the basic theoretical computations.
An example of the basic computations performed for each fish is shown in Fig. 3 
f(TS)A TS = a-'f [•(TS' --TS) -•r'•(TS ' --TS -,4 TS)]g(O )dO,
where the target strength value TS' is that of the subject target strength function for the particular 0 in the integration, and • is the Heaviside step function, already defined in connection with Eq. ( 1 ). The integration is performed over the full range of 0, hence from 0 -3So to 0 + 3So. In simulating the PDF for the group of fish, the PDF for each individual fish was first computed according to Eq. (8). The group PDF was then determined by simple arithmetic averaging of the individual PDFs. To suggest the effect of behavior, the probability density function of.the dorsal aspect target strength at 38 kHz is shown in Fig. 7 In those cases of averaging or PDF computation in which tilt angles less than -45 ø or greater than 45 ø are assumed to occur with nonzero probability, the target strength is assumed to be equal to -60 dB. For the particular tilt angle PDFs used in the computations, only negligible error is incurred by this approximation. The introduced model aims to describe sound scattering by swimbladdered fish at rather high frequencies. The degree to which it succeeds is indicated by the agreement of computed and measured target strengths, especially the dorsal and ventral aspect functions, as in Figs. 3 and 4 . While the agreement is quite good in some cases, it is weaker in others, and in the particular cases of the composite functions, in Fig.  4 , systematic, frequency-independent differences are evident.
If the agreement between theory and experiment were uniformly 100%, then this discussion would be at an end, since the validity of the measured functions in applications to swimming fish has already been established. 48 Inasmuch as the agreement is imperfect, and theoretical computation remains a desideratum, it is necessary to examine other measures of target strength.
The selected, derived measures of target strength are those of greatest usefulness in acoustic studies of fish abundance, namely, the average and the probability density function or PDF. The average target strength is determined from the average of the backscattering cross sections of all 15 fish specimens, and expressed in terms of the regression coefficient b in Eq. {5}. Comparison of the corresponding coefficients for each aspect, frequency, and behavior mode, as expressed through the parameters of the tilt angle distribution, reveals these marked differences: averages of dorsal aspect target strengths computed on the basis of the theoretical functions uniformly exceed those of the measured functions, except in a single case of equality, while the reverse is true for the ventral aspect target strengths. However, the averages inconsistency of dorsal aspect averages for the postulated fast-swimming mode of behavior, N {0,0}, except at 38 kHz, where the averages are similar, is also understandable in terms of a systematic difference in Fig. 4 . This is that of the less-negative positions of the theoretical peaks compared with the corresponding measured peaks. Thus the averages reveal systematic differences arising from those of the basic functions in Fig. 4 . Nonetheless, for the presumed most important case, that of a gadoid in its natural spawning habitat, the averages based on theoretical computation are consistent with those based on measurement.
The averages, as expressed through the regression coefficient, are also consistent with Nakken and Olsen's gadoid target strength data at 38 kHz. 39'4ø This agreement obtains for each of the four behavior modes, both for the entire data set, composed of dorsal aspect target strength functions for 171 specimens of cod {Gadus morhua}, saithe, and pollack of lengths from 6.7 to 96 cm, and for that data subset composed of the functions for the 42 specimens with lengths between 31.5 and 44.5 cm, i.e., the present length range. In the case of the other frequency used by Nakken and Olsen in their measurements, that of 120 kHz, the data are uniformly lower for corresponding behavior modes. Differences in calibration are believed responsible for the discrepancy.
Corresponding PDFs of target strength, in Figs. 6 and 7, are quite similar, although not in perfect agreement. Given the noted differences in averages, the PDFs themselves must differ. What differences are present within pairs of experimentally and theoretically based PDFs do not seem to be systematically related to frequency, aspect, or behavior mode. Undoubtedly this reflects partly not only the limited sample size, but also the general insignificance of such differences.
Individual PDFs of a given type do exhibit systematic differences with or dependences on the several parameters. Because of the basic similarity of corresponding experimentally and theoretically based PDFs, the pattern observed for one type also applies for the other. Three systematic dependences are enumerated. (1) The PDFs generally become more diffuse with increasing frequency. This is due to the increasingly erratic or variable nature of the underlying target strength functions, as illustrated for a single fish in Fig. 3 . The frequency dependence is weak, however, because of the basic lobe-type structure of finite-body scattering. (2) Ventral aspect PDFs are generally more concentrated, or less diffuse, than corresponding dorsal aspect functions. The formal reason is observed in the exemplary Fig. 3 ' backscattering in the ventral aspect is generally less directional than in the dorsal aspect. This is a direct consequence of differences in curvature of the swimbladder, the belly side being more rounded than the dorsal side. (3) Variations in PDFs with behavior can be quantified through the standard deviation in tilt angle distribution. As this increases, the PDF becomes more diffuse. This is distinctly observed in the sets of PDFs in Fig. 7, for Errors in scattering predictions may also arise from the particular method of swimbladder triangulation. This is but one of many diverse, if not divergent, techniques for triangulating three-dimensional surfaces. How to do it best, i.e., optimally, for the kinds ofconvoluted and involuted surfaces typical of the swimbladders of commercially important fish eludes this author, although better methods, requiring more modeling or computing resources than expended here, are recognized.
It is always possible that the swimbladder form changes in the course of the shock-freezing process, although this is believed unlikely or negligible by Ona. 52 Evidence for change is, however, present in the systematic differences in angular locations and strengths of main peaks in the composite target strength functions in Fig. 4 . There, the noted, frequency independent differences can be correlated with hypothesized deformations in the dorsal and ventral swimbladder surfaces. For example, if the dorsal surface were to lose some of its natural swayback, as due to a too powerful stretching in maintaining the elongate posture during the freezing operation, then it would act as a more directional scatterer. The dorsal surface would be flatter; hence more of its area could contribute coherently to the echo in the normal direction, and the main scattering lobe or peak would become sharper, i.e., narrower. In like manner, it can be argued that the ventral surface would be crimped by the applied tension, as in a flexure, thereby diminishing the effective scattering area. The decrease in normal incidence backscattering and increase in main lobe width follows immediately. Of course, such speculation should also be considered in the larger context of the comparative target strength measurements and execution of the triangulation procedure.
Systematic errors may arise in the measurements through the method of tethering and suspension, although these are believed to be very small, perhaps 1' or 2* at most. Systematic errors may also arise in the triangulation process if the horizontal or other alignment reference is incorrectly identified. Again, the error is believed to be small, about 1' or 2 ø ' For completeness, and also in defense of the basic model, it is noted that the triangulation process, in its maiden trial, was not problem-free. Because of the use of different or poorly distinguished visual alignment references in a number of photographed swimbladder cross sections, the goodness of the underlying contour data cannot be asserted unequivocally. Resulting errors could be the cause of discrepancies, especially at large tilt angles, where the backscattering strength is generally weaker, hence more subject to small, otherwise extraneous, deformities in swimbladder form. Of course, discrepancies at large angles may also be due to other fish parts. Fish bone and flesh may indeed contribute significantly to the echo where the swimbladder contribution is inherently weak.
Whatever the net effect of triangulation errors is, however, it might be obscured by another measurement-related error source: the presence of noise in the measurements, which may have been further corrupted by undetected, small rolling or twisting movements of the fish under tilting. Neither of these causes of target strength variation is treated in the model, although not precluded by it either.
Another experimental source of error may depend on the target strength measurement of the surface-adapted fish being performed at 2.5-m depth, followed by biological measurement and shock-freezing at atmospheric pressure. An attempt was made to investigate this effect theoretically by scaling the swimbladder in accordance with free-bubble compression or expansion between surface and a 2.5-m depth, notwithstanding known differential effects on swimbladder elasticity. 36'65 However, no significant improvement was obtained by repeating the described model computations with swimbladder dimensions scaled linearly by the factor 1.251/3, whether down or up in size. The model itself should be investigated further. One object would be to define the contribution of diffraction effects, especially at lower frequencies. A consequence of such an investigation could be a demonstrated extension of the model to lower frequencies, albeit above resonance.
A second object in investigating the model would be to specify the element size in surface triangulation needed to achieve a given accuracy in target strength computation. The basic acoustics, to wit, diffraction theory, gives some guidance. In order to resolve a given physical feature by scattering, the wavelength should not exceed the characteristic dimension, at least not by very much. Conversely, for a fixed frequency, only features with characteristic dimensions exceeding the wavelength can be sensed. A measurement scale size, or resolution cell, of the order of • to • of the acoustic wavelength is probably adequate for representing the swimbladder form, but the precise connection with the intended accuracy in target strength computation should be determined. With control over the accuracy, exercise of the model can be simplified. The possibility of using standard forms, although generally not simple geometric shapes, to represent the swimbladder surface may then become apparent. Such forms may be especially useful in theoretical investigations of the effect of depth on target strength.
VI. CONCLUSIONS
The important acoustic properties of swimbladdered fish of lengths at least from 8 to 36 acoustic wavelengths can be determined from a swimbladder morphometry, without reference to other measurements. In particular, the structure and absolute magnitude of dorsal and ventral aspect target strength functions can be determined by solution of the wave equation for a soft, swimbladder shape in the Kirchhoff approximation, without diffraction.
For gadoids of lengths from 31.5 to 44.5 cm, and frequencies from 38 to 120 kHz, average dorsal aspect target strengths can be computed for any reasonable behavior pat- Use of theoretically derived data to simulate probability density functions of target strength gives results indistinguishable from those based on conventional constrained-single-fish measurements.
